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T cellproteolytic mechanism that degrades cytoplasmic material including cell
organelles. The importance of autophagy for cell homeostasis and survival has long been appreciated.
Recent data suggest that autophagy is also involved in non-metabolic functions that particularly concern
blood cells. Here, we review these ﬁndings, which point to an important role of autophagy in several cellular
functions related to host defense.
© 2009 Elsevier B.V. All rights reserved.1. IntroductionThe cells of the blood are generated from hematopoietic stem cells,
which are mostly located in the bone marrow. Under the inﬂuence of
cytokines, they can differentiate into erythrocytes (red cells),
leukocytes (white cells), and thrombocytes (platelets). Erythrocytes
mainly serve to transport oxygen and carbon dioxide. Leukocytes
consist of granulocytes (neutrophils, eosinophils, and basophiles),
monocytes, and lymphocytes (T cells, B cells, NK cells), and they
represent cells of the immune system. Thrombocytes mediate blood
coagulation.
Autophagy (=self-eating) is a cellular mechanism that is
responsible for the turnover of macromolecules and organelles via
the lysosomal degradative pathway. It is, therefore, not unexpected
that autophagy is involved in cell homeostasis. Besides this primordial
function that is preserved in all eukaryotic organisms from yeast to
human, autophagy secures cell survival under conditions of nutrient
deprivation or growth factor withdrawal [1] and has also been
implicated in innate and adaptive immune responses [2,3]. Conse-
quently, the regulation of autophagy in leukocytes is a ﬁeld of intense
investigation. How our molecular understanding of autophagy
improved in the last decade has been subject of an excellent recent
review article [4]. Here, we summarize the currently available41 31 632 4992.
ll rights reserved.knowledge on the role of autophagy in functions performed by cells
present in blood.
2. Role of autophagy in reticulocyte differentiation
During mammalian erythropoiesis erythroblasts enucleate and
mature to reticulocytes. This process involves a reduction in cell
volume andmassive increase in hemoglobin production. Reticulocytes
mature to erythrocytes within 48 to 72 h. During this time,
reticulocytes are cleared of all intracellular organelles, including
mitochondria and ribosomes. However, mitochondria still generate
heme for hemoglobin production in this terminal differentiation
phase of red blood cells and are therefore among the last organelles to
be eliminated [5]. Since erythrocytes lack mitochondria, they utilize a
purely glycolytic pathway for energy production.
Autophagy, which is used to degrade mitochondria and other
organelles, has been suggested to be involved in the programmed
clearance of mitochondria occurring in reticulocytes. For instance,
mitochondriawere seen sequestered into double membrane vacuoles,
a hallmark of autophagic compartments [6]. In a human myeloid
leukemia cell line (K562), which can be differentiated to mimic
erythropoiesis in vitro, it was subsequently demonstrated that
autophagic activity is high during this process [7]. Moreover, using
red ﬂuorescent protein (RFP)-LC3, it was observed that in late
erythroblasts and during reticulocyte maturation mitochondria and
ribosomes are sequestered by autophagic vacuoles. The sequestered
Fig. 1. Three escape mechanisms of pathogens upon phagocytosis and the role of
autophagy. 1. Escape from phagosomes into the cytosol (e.g., Listeria monocytogeneses).
2. Prevention of fusionwith lysosome (e.g., Salmonella enterica). Similarly, prevention of
acidiﬁcation has also been observed (e.g., Mycobacterium tuberculosis). 3. Pathogens in
the cytosol can be trapped by autophagosomes and degraded via the autophagic
machinery. However, some pathogens can also escape from this degradation system by
preventing the fusion between autophagosomes and lysosomes (e.g., Legionella
pneumophila).
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lysosomal compartment. It should be noted that under these
conditions, autophagy is constitutively active irrespective of nutrient
conditions [7].
More recent studies generated some insights into the molecular
mechanisms of how autophagy removes mitochondria and ribosomes
during reticulocyte maturation. For instance, an important role for
Ulk1, an ubiquitously expressed serine-threonine kinase, has been
suggested in this process by generating ulk−/−mice [8]. Interestingly,
Ulk1 does not play an essential role in starvation-induced autophagy
[8]. In two other studies, again using knockout mouse models, it was
demonstrated that Nix, a BH3-only protein, plays a critical role in
mitochondrial degradation in reticulocytes [9,10]. Lack of this protein
during terminal erythroid differentiation arrests the process at the
stage of mitochondrial incorporation into autophagosomes and
autophagosome maturation, resulting in an erythroid maturation
defect [9,10]. In contrast to Nix, Bim and Puma, two other BH3-only
proteins, as well as Bax and Bak, two members of the Bcl-2 family
interacting with BH3-only proteins, were not required for mitochon-
drial clearance in reticulocytes [9].
Besides losing cell organelles, reticulocytes need to reduce cell
surface area and cell volume duringmaturation into erythrocytes. This
is achieved by plasma membrane remodeling in which the formation
of exosomes plays a critical role. Exosomes represent small vesicles
that are released by cells. Multiple membrane proteins are lost from
the cell surface in this process and are no longer needed at the
erythrocyte stage. It has been proposed that the formation of
exosomes is controlled by autophagic activity [7], but little is known
about molecular mechanisms responsible for this link.
3. Role of autophagy in phagocytosis by monocytes/macrophages
Both autophagy and phagocytosis are conserved eukaryotic
mechanisms used for engulfment of unwanted materials. However,
in contrast to phagocytosis, autophagy can also remove unwanted
cytoplasmic materials by engulﬁng them into double membrane
vesicles. Phagocytosis is a major mechanism of the innate immune
system to eliminate bacteria, which are targeted into phagosomes and
delivered to the lysosome for destruction [11]. However, some bacteria
are able to escape the phagosome and enter the cytosol to multiply
(Fig. 1). In other cases, bacteria modify the phagosome to prevent
fusionwith the lysosome [12] (Fig. 1). In these cases, autophagy is one
mechanism that targets the bacteria into autophagosomes, which
subsequently fuse with the lysosome [13–16].
How this process of defense autophagy is triggered remains
obscure. It is likely that such triggers are generated by bacteria
themselves and it has been suggested that Toll-like receptors (TLRs)
may play a role [17–19]. Since cytokines, such as TNF-α [20], TRAIL
[21], and IFN-γ [14], are also able to increase autophagic activity, TLR-
mediated targeting of intracellular pathogens might not be direct and
could involve cytokines. CD40-mediated activation of macrophages
also increased autophagic activity, which somehow helped to fuse
Toxoplasma gondii-containing vacuoles with lysosomes resulting in
killing of the pathogen [22]. Interestingly, many pathogens developed
strategies to escape killing mechanisms by blocking the fusion of
lysosomes with the autophagosome [23], demonstrating the impor-
tance of autophagy induction for pathogen killing by monocytes/
macrophages (Fig. 1).
Autophagy has also been associated with innate immunity against
pathogens in the absence of phagosome escape mechanisms. Here,
autophagy seems to enhance the fusion of phagosomes with
lysosomes, apparently without the formation of autophagosomes
[17]. As a result, rapid destruction of the engulfed pathogen occurs.
Before fusion, the phagosome recruits LC3 and this process requires
Atg5, Atg6, Atg7 and PI3K activity [17] as well as TLR signaling for
recognition that the phagosome contains a pathogen [23].Blocking autophagy in monocytes/macrophages has recently been
demonstrated to enhance IL-1β production [24]. Why the process of
autophagy somehow limits the inﬂammatory response remains
unclear. However, this mechanism might be important, since the
induction of autophagy by pharmacological inhibition of mTOR may
mediate anti-inﬂammatory activities, as shown in one patient with
Crohn's disease [25]. Clearly, further experimental work, including
clinical trials, is required to better understand the potential link
between autophagy and the strength of innate immune responses.
4. Role of autophagy in antigen presentation by dendritic cells
Dendritic cells represent professional antigen-presenting cells,
although other leukocytes such as B cells and macrophages are also
able to present antigen. Apart from its role in innate immunity,
autophagy might also alarm the adaptive immune system against
pathogens that are delivered for lysosomal destruction by autophagy
in these cells. In particular, lysosomal degradation products are
presented via MHC class II molecules to CD4+ T cells, and these helper
T cells orchestrate the speciﬁc immune response [26]. As described
above, autophagy is used to target pathogens into autophagosomes,
which subsequently fuse with the lysosome [13–16]. This way,
epitopes of pathogens and intracellular antigens can be delivered to
MHC class II molecules [27–30]. Interestingly, this pathway might be
highly relevant for cells that express MHC class II molecules in the
absence of high endocytic capacity, such as cortical thymic epithelial
cells [31].
Although we know now that autophagic pathways promote MHC
class II antigen-presentation, many questions still need to be
answered. For instance, what is the contribution of autophagic
delivery of pathogens to adaptive immunity? Clearly, to unravel the
role of autophagic antigen processing and presentation has not only
implications for infectious diseases, but also for cancer, autoimmunity,
allergy, and transplantation medicine.
5. Role of autophagy in neutrophil cell death?
In primary human neutrophils, a caspase-independent form of cell
death has recently been observed. This form of neutrophil death was
induced by sialic acid binding immunoglobulin-like lectin-9 (Siglec-9)
Fig. 3. Different autophagic activity in Th1 and Th2 cells. Th2 cells exhibit high
autophagic activity, resulting in a higher resistance towards growth factor withdrawal
compared with Th1 cells. Finally, however, Th2 cells also die under these conditions by
autophagic cell death. It should be noted that activation-induced caspase-dependent
cell death is not observed in Th2 cells.
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which blocked caspases [32,33]. Autophagic cell death has previously
been observed in cells, in which caspases were either not present or
blocked [34]. However, it remains to be demonstrated that neutrophils
are indeed able to induce autophagic activity. Therefore, although
neutrophils demonstrate multiple vacuoles in the cytoplasm follow-
ing Siglec-9 ligation, this form of cell death has been described as
autophagic-like cell death [35]. Some molecular components of the
autophagic machinery are expressed in neutrophils, such as Atg5 [36].
6. Role of autophagy in T cell death and survival
Autophagy functions as a pro-survival mechanism during nutri-
tional deprivation and other forms of cell stress, but may also promote
cell death if levels of autophagic activity are above physiologic levels
[4]. The role of autophagy in the homeostatic balance between cell
survival and death is also seen in T cells. Earlier studies showed that
autophagy promotes the survival of IL-3-dependent lymphocytic cell
lines after cytokine deprivation [37]. This suggested that autophagy
may also support the survival of primary T cells, which critically
depend on cytokines for their survival as well. To explore the function
of autophagy in primary T cells, the immune systems of lethally
irradiated mice were reconstituted with hematopoietic precursors
derived from atg5−/− fetal liver cells [38]. Although Tcells lacking this
essential autophagy gene proceeded through development normally
in the thymus, their reconstitution of the T cell compartment was
dramatically reduced, most likely due to massive cell death following
nutritional stress and the lack of an adequate induction of autophagy
[39] (Fig. 2).
Th2-polarized CD4+ T cells display more Atg8/LC3+ autophago-
somes than Th1 cells. Th2 cells were found to be more resistant to cell
death upon growth factor withdrawal when autophagy was inhibited
upon RNA silencing of Atg7 or Atg6 (Beclin-1), whereas steady state
survival and proliferation were not affected by autophagy inhibition
[40,41]. Taken together, these data indicate that Th2-polarized CD4+ T
cells exhibit high level of autophagic activity and utilize the autophagyFig. 2. Role of autophagy in the differentiation of lymphocytes. Lack of autophagic
activity (as a consequence of defective Atg5 expression) results in a differentiation
block in the B cell lineage. In contrast, T cell development in the thymus is not affected.
However, lack of autophagic activity results in massive T cell death after cells leave the
thymus. Consequently, a defect in autophagy results in reduced numbers of mature cells
in both lineages.machinery to execute cell death upon cytokine withdrawal [42] (Fig.
3). It is possible, but remains to be shown, that the regulation of
autophagy in Th2 cells is disturbed in Th2-triggered allergic diseases.
T cells lacking Fas-associated death domain protein (FADD) and
caspase-8 have been shown to be unable to proliferate upon T cell
receptor activation [43,44]. Interestingly, Atg5 is also required for
efﬁcient T cell proliferation [38]. Since Atg5 interacts with FADD [45],
it is possible that bothmolecules act together in Tcell proliferation. On
the other hand, T cell proliferation is associated with an enhanced
autophagic activity [38,40]. Lack of FADD and caspase-8 induced
hyperactive autophagic signaling, resulting in a potential autophagic
cell death [45]. This suggests that T cell proliferation requires
increased autophagic activity, which, however, must be limited.
Under normal conditions, Atg5 may interact with FADD and
caspase-8 to induce apoptosis in T cells with too high autophagic
activity preventing inﬂammation.
The autophagic cell death process, as it can occur in Th2 cells,
might be exploited by HIV and the HIV envelope glycoprotein is able to
trigger this particular form of cell death upon binding to CXC-
chemokine receptor 4 (CXCR4) in uninfected bystander CD4+ T cells
[46]. Future studies are required to understand whether this
phenomenon accounts, at least partially, for the CD4+ T cell depletion
in AIDS patients.
7. Role of autophagy in B cell differentiation
To explore the function of autophagy in primary B cells, a similar
strategy was used as discussed earlier for T cells. The immune systems
of lethally irradiated mice were reconstituted with hematopoietic
precursors derived from atg5−/− fetal liver cells [47]. Similar to T cells,
mature B cells were decreased in the periphery of such atg5−/−
chimeric mice [47]. However, in contrast to T cells, which proceeded
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was blocked at the pro-B cell stage in the bone marrow in the absence
of Atg5 [47] (Fig. 2). On the other hand, also in contrast to T cells,
mature B cells did not require Atg5 for survival [47]. This is in
agreement with the ﬁnding that mature B cells have low or no
autophagic activity [48].
8. Concluding remarks
Autophagy is a key cellular catabolic pathway that is also utilized
for multiple other functions performed by cells of the blood. This also
includes their differentiation. Whereas in the red cell lineage, the
autophagic pathway is used to eliminate mitochondria at the
reticulocyte stage, autophagy often serves as an important component
of defense mechanisms in white cells. This includes the uptake and
degradation of pathogens as well as their presentation for activation of
the adaptive immune system. Autophagy is also involved in the
differentiation, survival and death of leukocytes, although there are
differences between the different cell types. The role of autophagy in
the pathophysiology of inﬂammatory diseases represents an exciting
new ﬁeld of investigation.
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